Owing to the very low economic value of brewer's spent grains, its utilisation for biogas production is very promising. The hydrolysis of ligno-cellulose is the rate limiting step in anaerobic digestion. Enzymatic pre-treatment promotes the hydrolysis of ligno-cellulose, breaking it down to lower molecular weight substances which are ready to be utilised by the bacteria. A cheap raw multi-enzyme produced by a solid state fermentation (SSF) process is a good substitute for expensive conventional enzyme. The SSF enzyme application to spent grain has been investigated by carrying out enzymatic solubility tests, hydrolytic experiments and two-step anaerobic fermentation of spent grain. Gas chromatograph analysis was conducted to quantify fatty acids concentrations, while CH 4 , CO 2 , O 2 , H 2 and H 2 S were measured to determine biogas quality by means of a gas analyser. DS, oDS, pH were also measured to analyse the anaerobic digestion. The result shows that enzyme application promotes the hydrolysis of ligno-cellulose, indicated by higher enzymatic solubility and fatty acid concentration in a hydrolytic bioreactor. Moreover, biogas production is also increased. The quality of the gases produced is also enhanced. Since the anaerobic digestion can be operated in a stable performance, it can also be concluded that SSF enzyme is compatible with anaerobic digestion.
Introduction
Anaerobic digestion (AD) of organic matter is state of the art. Energy crops, biomass wastes and wastewater are considered to be added as substrates in anaerobic digestion plants. Specific gas yields, retention times and chemical compositions are known thoroughly. Depending on the substrates, chemical compositions, hydraulic retention times and degrees of degradation vary greatly. Additionally, the specific yield and quality of biogas depends on its fat, protein and cellulose content. As mentioned before these components influence anaerobic degradation greatly, especially proteins and celluloses, e.g. some proteins are considered as easy and some as difficult to degrade. These difficult degradable components are limiting factors of anaerobic treatment of biomass and influence the hydraulic retention times. Retention time relies on hydrolysis and methanogenesis. Lowering retention time of the whole process is feasible by raising the reaction rate of hydrolytic or methanogenic activity. Different procedural and chemical techniques for increasing hydrolytic activity have been investigated (Moeller, 1992; Behmel, 1993; Scharf, 1993; Yadvika, 2004) . Most of these techniques require more energy than they additionally offer. One of the most promising techniques is the application of enzymes for reducing retention time in digesters. Two different types of enzyme production exist: solid submerged (SmF) and solid state fermentation (SSF). Ninety per cent of all industrial enzymes are produced by SmF. On the other hand, almost all these enzymes could also be produced by SSF. All the enzymes producers, such as fungi, yeasts and bacteria were tested in SSF (Papagianni, 1999) . Direct comparison of various parameters such as growth rate, productivity, etc. favoured SSF over SmF in the majority of cases.
Materials and methods
SSF is defined as a fermentation process occurring in the absence of free flowing water, employing either a natural support or an inert support as a solid material. Solid state fermentation may be characterised by a fermentation procces carried out on a solid medium with a low moisture content, typically 0.40-0.90, which occurs in a non-septic and natural state (McGullan et al., 2001; Pandey et al., 1999) .
Enzyme production by SSF
Most enzyme manufacturers produce enzymes by submerged fermentation (SmF) techniques. However, in the last decades there has been an increasing trend towards the utilisation of the solid-state fermentation technique to produce several enzymes. This technique reproduces the natural microbiological processes like composting and ensiling. In industrial applications this natural process can be utilised in a controlled way to produce a desired product. In addition, it presents several advantages over traditionally employed SmF. One of the advantages often cited for SSF is that enzyme titres are higher than in SmF, when comparing the same strain and fermentation broth (Rodrigues et al., 1999) , however, there are no studies explaining the reason for this. Recently, Viniergra-González et al. (2003) compared the productivity of three fungal enzymes, invertase, pectinase and tannase, using SSF and SmF techniques. They reported that the higher titres found in SSF compared with SmF were due to the fact that SSF cultivation works as a fed batch culture with fast oxygenation but slow sugar supply.
In addition, SSF has the added advantage of being a static process without mechanical expenditures. Moreover, Castilho et al. (2000) performed a comparative economic analysis of solid-state and submerged process for the production of lipases from Penicillium restrictum. They found that for a plant producing 100 m 3 lipase concentrate per year, the process based on SmF needed a total capital investment 78% higher than the one based on SSF and its product had a unitary cost 67% higher than the product market price. These results demonstrated the great advantage of SSF due to its low costs.
In addition to the conventional applications in food and fermentation industries, microbial enzymes have attained a significant role in biotransformation involving organic solvent media, mainly for bioactive compounds. This system offers numerous advantages over a submerged fermentation system, including high volumetric productivity, relatively higher concentration of the products, less effluent generation and a requirement for simple fermentation equipment (Pandey et al., 2000) .
Results
Enzyme ability to hydrolyse spent grain fibre depending on the temperature was investigated by mixing 1 g of enzyme with 20 g spent grain in 250 mL bioreactors at different temperatures. The solubility of the spent grain was used as the parameter of hydrolytic fermentation, shown in Figure 1 , while Figure 2 presents the solubility of spent grain treated with various enzyme concentrations for three days.
Hydrolytic inoculum was cultured by over-loading of 800 mL active sludge with 200 g spent grain in for a period of 10 days. The pH decreased dramatically and was eventually constant at around 5.1. Subsequently, the inoculum was split into two bioreactors, which were fed with spent grain for a period of 12 days, in which the first bioreactor was enzymatically treated while the other (blank reactor) was not.
The fatty acid concentration, including acetic acid, was analysed every day, as shown in Figure 3 and Figure 4 . To accomplish the examination of the hydrolytic process, the measurement of fatty acid concentration was continued until the 55th day. In this second month of operation, the load was adjusted so as to correct the under-load of the fermenter in the first month. The result is shown in Figure 5 .
Anaerobic digester
The anaerobic digester was designed for two-phase anaerobic fermentation, a hydrolytic and methanogenic phase. The spent grain feedstock was previously hydrolysed in hydrolytic fermenter as mentioned before. The mesophilic methanogenic bacteria was cultured by adapting the inoculums to spent grain feedstock for 40 days with 30 days residence time at 37 8C. Subsequently, the inoculum was split into two bioreactors: the first bioreactor was fed with enzymatically treated feedstock while the other was fed with blank feedstock without enzymatic treatment.
The biogas produced was measured and collected for composition analysis. The anaerobic digester was controlled every day by measuring the pH and analysing the fatty acid content of the substrate. The daily biogas production can be seen in Figure 6 . The methane content of the biogas produced by both fermenters was determined by analysing biogas composition. The gas component is displayed in Table 1 .
Discussion and conclusion
The enzymatic hydrolysis of spent grain Enzymatic solubility expresses the breakdown of spent grain to water-soluble substances. Figures 1 and 2 demonstrate the spent grain solubility dependent on temperature and enzyme concentration, respectively. As illustrated in Figure 1 , multi-enzymes probably have more than one optimum temperature, since there is a tendency for the solubility to increase above 55 8C. However, in the range of 35 -55 8C, it can evidently be seen that the optimum temperature of multi-enzyme application is approximately 40 8C. Figure 2 shows that enzymatic solubility of spent grain is enhanced by the multienzyme application. Less than 15% enzyme concentration has produced significant increment of spent grain solubility. Above this concentration, the solubility is slightly increased due to an excess of enzyme.
An increment of spent grain solubility around 10% means that the solubility of lignocellulosic material in spent grain is enhanced by approximately 20%. In general, the higher solubility can be expected by combining the enzyme application with the action of hydrolytic bacteria. Figures 3 and 4 show that the concentrations of fatty acids and acetic acid in both hydrolytic fermenters decrease gradually. This trend occurs due to the fermenters being fed an under-load so that the amount of fatty acids taken from the fermenter was larger than produced in the fermenter. This trend can be understood to be similar to the effect of dilution. Despite this, these fermenters were producing fatty acids. The biogas production of anaerobic digester fed with enzymatically treated feedstock (EF) and blank feedstock (BF)
Hydrolytic fermenter
The outcome of the enzyme application to spent grain hydrolysis can be seen from the difference between the fatty acid concentrations in both fermenters. Higher fatty acids concentrations were gained with enzymatic treatment. However, in this first month, the function of the enzyme is not so pronounced in concentration of fatty acids because the fermenters are not yet in steady state. In contrast, in the second month of operation, where the under-load in the early stage was being corrected, the difference in the fatty acid concentration is clear, as seen in Figure 5 . In the enzymatically treated fermenter, the fatty acid concentration reaches the value of around 28,000 mg/L, much higher than the 18,000 mg/L in the blank fermenter. This means that the enzyme application promotes the hydrolysis of spent grain as much as 65%.
It is obvious that the enzyme promotes the hydrolysis process. There are some advantages of the enzyme application to the hydrolytic fermenter. The optimum pH of the enzyme is achieved while the pH of the hydrolytic fermenters is approximately 5. Fortunately, the temperature of the fermenter is in the vicinity of the optimum temperature of the enzyme, about 37 8C. Moreover, the enzyme functions not only with the feed added, but also with the accumulated ligno-cellulose material in the fermenters.
Anaerobic digester
Despite the small fluctuation, the daily biogas production, shown in Figure 6 , was relatively stable. The amount of biogas produced in the digester fed with enzymatically treated feedstock is always higher than in the blank digester.
Since this anaerobic fermentation was performed in two steps, the performance of the anaerobic digester was linked to the hydrolytic fermenter and its feedstock. Although the amount of fatty acids fed to the digesters decreased (as its concentration in the hydrolytic fermenter decreased), the amount of biogas produced remained relatively constant. This trend, due to biogas, formed not only from the new feedstock, but also from biomass which had accumulated in the digester. As the digesters were still in a transient stage, a reduced amount of biomass (and fatty acids) fed to the digesters was balanced by biomass accumulated in the digesters. Consequently, the daily biogas production seemed to remain stable. The same reason explains why the difference in biogas production in the digesters is not so pronounced although the fatty acid concentration of the feedstocks is significantly different. A clear difference of biogas production can be expected if hydrolytic fermenters and the digesters are in the steady state. Despite the fact that the digesters were not yet steady, more biogas production in the enzymatically influenced digester has been proved. However, the degree of influence is not possible to calculate from these experiments. Therefore, to obtain more detailed results about the influence of enzyme application to the specific yield of biogas, further investigations in laboratory-scale digestion systems need to be done.
It can be seen from Table 1 that the quality of the biogas produced by the enzymatically influenced digester is superior compared to the blank digester. It is represented by higher methane content and as much as 8% less CO 2 . However, the mechanisms and kinetics of this positive outcome are remain unknown, leaving questions to be answered in further advanced examinations.
Observing the digester stability and its performance, it is obvious that there is no inhibitor in the multi-enzyme system which is hampering the operation of the anaerobic digester. Therefore, it can be concluded that multi-enzyme application is compatible with anaerobic digestion systems and provides an opportunity to lower the digester volume.
